Galectin-3 is a member of the family of β-galactosidebinding lectins characterized by evolutionarily conserved sequences defined by structural similarities in their carbohydrate-recognition domains. Galectin-3 is a unique, chimeric protein consisting of three distinct structural motifs: (i) a short NH 2 terminal domain containing a serine phosphorylation site; (ii) a repetitive proline-rich collagen-α-like sequence cleavable by matrix metalloproteases; and (iii) a globular COOH-terminal domain containing a carbohydrate-binding motif and an NWGR anti-death motif. It is ubiquitously expressed and has diverse biological functions depending on its subcellular localization. Galectin-3 is mainly found in the cytoplasm, also seen in the nucleus and can be secreted by non-classical, secretory pathways. In general, secreted galectin-3 mediates cell migration, cell adhesion and cell-cell interactions through the binding with high affinity to galactose-containing glycoproteins on the cell surface. Cytoplasmic galectin-3 exhibits anti-apoptotic activity and regulates several signal transduction pathways, whereas nuclear galectin-3 has been associated with premRNA splicing and gene expression. Its unique chimeric structure enables it to interact with a plethora of ligands and modulate diverse functions such as cell growth, adhesion, migration, invasion, angiogenesis, immune function, apoptosis and endocytosis emphasizing its significance in the process of tumor progression. In this review, we have focused on the role of galectin-3 in tumor metastasis with special emphasis on angiogenesis.
Galectin-3 in tumor metastasis
Tumor metastasis is so far the biggest challenge associated with most cancers despite significant improvements in diagnosis, surgical techniques, patient care and adjuvant therapies. It is a complicated biological phenomenon, regulated by multiple interactions between tumor and host cells (Woodhouse et al. 1997) . Initiating event in the metastatic cascade is invasion of tumor cells. Proteolytic enzymes (lysosomal hydrolases, collagenases) secreted by tumor cells degrade basement membrane constituents such as type IV collagen, laminin and fibronectin, allowing invading cells access to the underlying connective tissue matrix. The next step is degradation and movement through this matrix, before the cell ultimately invades a vascular endothelial basement membrane or perineurium to enter an adjacent blood or lymphatic vessel. The vascular and lymphatic systems have numerous connections that allow disseminating tumor cells to pass rapidly from one system to the other. Once the tumor cells have made their way into microcirculation, they are carried by the vascular flow to distant organs. The invading tumor cell must survive natural host immune system (macrophages, NK cells and cytotoxic T lymphocytes) in order to enter a distant organ system (secondary invasion). Once the tumor cells have adhered to the microvascular endothelium, including the events of homotypic and heterotypic aggregations, the extravasation of the tumor cells from the blood vessels into the organ begins. After passing the endothelial barrier of the vessel, the tumor cells produce enzymes that break down the components of the basement membrane and underlying connective tissue, thus facilitating their passage into the parenchyma of organ. Finally, tumor cells continue to proliferate in the target organ, which depends on newly established blood vessels (angiogenesis), and form metastatic foci (Folkman 1995) . The major obstacle to the treatment of tumor metastasis is the biological heterogeneity of tumor cells in primary and secondary tumors. This heterogeneity is exhibited in a wide range of genetic, biochemical, immunological and biological characteristics including cell morphologies, growth properties and ability to invade. Drug susceptibilities are different between metastatic lesions and their primary tumors, and these differences are believed to result from selective genetic changes (Schnipper 1986 ). Host microenvironment has been shown to affect the genes that regulate metastasis (Liotta and Kohn 2001) . Galectin-3 is reportedly required in many of these steps during tumor metastasis. It has been demonstrated that galectin-3 regulates many biological functions and signaling pathways associated with cell proliferation, adhesion, migration, invasion, angiogenesis and apoptosis (Takenaka et al. 2004; Newlaczyl and Yu 2011) . Subcellular localization of galectin-3 seems to be important for tumor cell growth effects, and galectin-3 plays a significant role in cancer progression through the regulation of specific gene expression by transcription factors such as β-catenin (reviewed in Funasaka et al. 2014 ). Galectin-3 mediates cell-extracellular matrix heterotypic adhesion processes, which may modulate tumor cell detachment from the primary site, and therefore, regulates tumor cell migration and invasion. Galectin-3 was shown to bind to glycoconjugates of extracellular matrix like laminin and fibronectin, as well as hensin, elastin, collagen IV and tenascin-C and -R, both intra-and extracellularly (Sato and Hughes 1992; van den Brule et al. 1995; Kuwabara and Liu 1996; Ochieng et al. 1999; Hikita et al. 2000) . In addition, another class of cell adhesion molecules, integrins were shown to be the receptors for galectin-3 (α1β1, α4β7, α6β1, αMβ1, etc.) (Dong and Hughes 1997; Warfield et al. 1997; Ochieng et al. 1999; Matarrese et al. 2000; Saravanan et al. 2009 ). Moreover, galectin-3 activates focal adhesion kinase (FAK), which is a key regulator of integrin-dependent cell signaling, and Rac1, which is known to play an important role in reorganizing the actin skeleton and the formation of lamellipodial extensions, by N-glycosylation of α3β1 integrin (Saravanan et al. 2009 ). Dimer or multimer formation of galectin-3 is implicated in aggregation of tumor cells in the circulation during metastasis via bridging with glycoconjugates (Inohara et al. 1996; Ahmad et al. 2004 ). Galectin-3 mediates both homotypic aggregation of tumor cells invading blood vessels and heterotypic tumor cell adhesion to endothelial cells to keep cells in the blood stream and reach distant organ sites (Inohara et al. 1996; Nangia-Makker et al. 2000; Shekhar et al. 2004) . Kim et al. suggested that galectin-3 may be a critical determinant for anchorage-independent cell survival of disseminating cancer cells in the circulation during metastasis (Kim et al. 1999) . Galectin-3 is also known to be a chemo-attractant to endothelial cells and to stimulate neovascularization in vitro and in vivo, therefore contributing to tumor angiogenesis (Nangia-Makker et al. 2000) . Furthermore, exogenous galectin-3 has been shown to cause apoptosis in activated T cells (Stillman et al. 2006 ) and galectin-3 suppressed the binding of MHC class I chain-related molecule A to natural killer Group 2, member D which impair the NK cell activation (Tsuboi et al. 2011) , from which galectin-3 might be involved in the escape from the host immune system (Figure 1 ).
Although the regulatory role of galectin-3 in cancer development and metastasis has been demonstrated using a variety of in vitro and in vivo models, Parco et al. did not find a ratelimiting role for galectin-3 using galectin-3+/+ and galectin-3 −/− mouse models of spontaneous colon and mammary carcinomas (Eude-Le Parco et al. 2009). Galectin-3 exhibits moonlighting biological functions. Extracellular galectin-3 mediates several cellular events by interacting with cell surface and extracellular matrix glycoconjugates, and intracellular galectin-3 regulates signaling pathways by interacting with cytoplasmic and nuclear proteins. Moreover, other members of the galectin family show similar interactions through their carbohydratebinding domain. It is possible that in the knockout mice other compensatory mechanisms come into play. Multiple functions of galectin-3 in tumor metastasis. Galectin-3 plays a significant role in angiogenesis at the primary tumor site, migration and invasion into the surrounding tissue, emboli formation in the blood or lymph vessels, adhesion to endothelial cells in distant organ and invasion across vessel walls, and tumor cell growth at the secondary tumor. Since it generally occurs via the vascular or lymphangial system to distant organs, metastasis is closely related to the vascular system. MCP is a natural inhibitor of galectin-3 and binds to galectin-3 to prevent its functions (inset). Some other small molecules also inhibit galectin-3 activities. Ocimum gratissimum (OG) inhibits galectin-3 cleavage thus preventing angiogenesis. In addition, galectin-3 induces T-cell apoptosis and blocks NK cell functions, which enables the tumor to escape from the host immune system and to develop. Adapted from Nangia-Makker et al. (2008) .
Galectin-3 in angiogenesis and metastasis

Galectin-3 in tumor angiogenesis
Angiogenesis is essential for the development and evolution of neoplastic disease, both for tumor growth and metastasis as rapid expansion of a tumor mass requires persistent new blood vessels. For a tumor to progress from a prevascular to a vascular phase, activation of angiogenic switch is required, which reflects the ability of the tumor and inflammatory cells to secrete angiogenic factors in tumor microenvironment (Raica et al. 2009) .
A number of proangiogenic growth factors secreted by tumor cells and a plethora of molecules regulate angiogenesis by maintenance and destruction of extracellular matrix and perivascular cells as well as by stimulating endothelial cell division and migration (Holash et al. 1999) . The most studied angiogenic factors include vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF). VEGF induces vascular permeability, endothelial migration, proliferation and survival of endothelial cells via its activation of the nitric oxide synthase, tyrosine protein kinase CSK, rat sarcoma mitogen-activated protein kinases and phosphatidylinositol 3-kinase-protein kinase B signaling cascades through binding to the VEGF receptor 2 (VEGFR2; Hanahan and Folkman 1996; Bussolati et al. 2011) . bFGF is a pleiotropic mitogen produced by macrophages and tumor cells among others and is involved in endothelial cell proliferation, extracellular matrix degradation, endothelial cell migration and modulation of junctional adhesion molecules through FGFR1 receptor on endothelial cells (Hillen and Griffioen 2007) . Galectin-3 was first reported to induce angiogenesis by the demonstration that it induced 3D morphogenesis of endothelial cells and an angiogenic response in vivo (Nangia-Makker et al. 2000) . A direct binding of galectin-3 to the endothelial cells was demonstrated, which was dependent on its carbohydraterecognition domain (CRD) as it could specifically be inhibited by a competitive disaccharide, lactose (Nangia-Makker et al. 2000) and a polysaccharide, modified citrus pectin (MCP) (Nangia-Makker et al. 2002) . Using a 3D coculture system of in vitro angiogenesis, Shekhar et al. (2004) demonstrated that galectin-3 is important for stabilization of the epithelial and endothelial interactive network, as immuno-neutralization with anti-galectin-3 antibodies abolished these interactions.
A detailed investigation by Markowska et al. suggested that galectin-3 modulates VEGF-and bFGF-mediated angiogenesis. They proposed that galectin-3 CRD binds to GnTV-modified N-glycans on αvβ3 integrin and as a multimer, it cross-links and clusters the integrin and activates FAK-mediated signaling pathways that modulate endothelial cell migration in the angiogenic cascade (Markowska et al. 2010 ). This group also reported that galectin-3 binds to VEGFR2 and prevents its internalization leading to increased angiogenic response to VEGF-A (Markowska et al. 2011) . Using microglia BV2 cells, Wesley et al. (2013) also showed regulation of angiogenic and migratory response in endothelial cells via modulation of integrin-linked kinase signaling. In a recent study, D 'Haene et al. (2013) reported that the combined action of galectin-3 and -1 has an enhanced effect on angiogenesis via VEGFR1 activation and reduced receptor endocytosis. The response of EC to galectin-1 and -3 treatment depends on the presence of VEGFR1 or VEGFR2 levels on the cell surface (D'Haene et al. 2013) . Increased circulating galectin-3 in cancer patients (Iurisci et al. 2000; Xie et al. 2012 ) induces secretion of metastasis promoting cytokines such as interleukin-6 (IL-6) and colony-stimulating factor (G-CSF) from the blood vascular endothelium in vitro and in vivo. These cytokines interact with the vascular endothelium in autocrine/paracrine fashion to enhance the expression of endothelial cell surface adhesion molecules resulting in increased association between the cancer cells and endothelial cells leading to increased migration and tubule formation by endothelial cells (Chen et al. 2013) . These data were further confirmed by Machado et al., who showed that disruption of galectin-3 in tumor stroma and parenchyma decreased angiogenesis through interfering with the responses of macrophages to the interdependent VEGF and TGFβ-1 signaling pathways (Machado et al. 2014 ). An interaction of galectin-3 with endothelial cell surface enzyme aminopeptidase N/CD13 has also been reported to regulate endothelial vascularization in the early steps of angiogenesis (Yang et al. 2007 ). High galectin-3 expression in the tumor induced macrophage infiltration and accelerated angiogenesis (Jia et al. 2013) . Stimulatory effect of galectin-3 on the proliferation and angiogenesis of endothelial cells differentiated from bone marrow mesenchymal stem cells was also reported (Wan et al. 2011 ). Fukushi et al. (2004 showed that NG2, a transmembrane chondroitin sulfate proteoglycan present on the surface of pericytes, induced endothelial cell motility and multicellular network formation in vitro and the stimulation of corneal angiogenesis in vivo mediated by formation of NG2-galectin-3-α3β1 integrin complex suggesting their role for early stages of neovascularization. Shekhar et al. (2004) had initially reported that proteolytically cleaved galectin-3 displayed 20-fold higher affinity for endothelial cells as compared with the full-length protein. Using tumor cells expressing protease resistant galectin-3, we showed a significant inhibition in tumor growth accompanied with reduced tumor angiogenesis (Nangia-Makker et al. 2007 ), similarly cells expressing an MMP-2 and -9 cleavable variant of galectin-3 showed increased chemotaxis, chemo-invasion and interaction with endothelial cells resulting in increased angiogenesis and 3D morphogenesis compared with non-cleavable form of galectin-3 (Nangia-Makker et al. 2010). Gao et al. (2012) showed that CRD domain of galectin-3 is important for cell surface binding and internalization of galectin-3 by the endothelial cells, which supports the earlier observations made by us and others that the carbohydrate-binding domain showed greater binding to the endothelial cells compared with the fulllength protein. Binding of galectin-3 to integrins and VEGFR is also dependent on its carbohydrate-binding property. However, we observed a better migration of endothelial cells when the CRD retained 32 amino acids from the collagen-like domain, which is the result of cleavage by MMP-2 and MMP-9 at an additional site. Whether this interaction is carbohydrate dependent or independent was not established in this study (Nangia-Makker et al. 2010) . It is possible that addition of this small domain helps galectin-3 to retain its dimer and multimer forming ability because N-terminal is responsible for dimerization of galectin-3. It is also possible that proliferation, cell interaction or migration of endothelial cells is regulated by different domains of galectin-3 through interactions with different cell T Funasaka et al. surface receptors on endothelial cells via carbohydrate dependent or independent mechanisms. Galectin-3 is not only secreted by tumor cells, there are also reports indicating its expression in vascular endothelial cells. Presence of galectin-3 in the endothelial cells in combination with endothelial hyperplasia was shown to be an independent prognostic factor for immuno-competent primary central nervous system lymphomas (PCNSL) (D'Haene et al. 2008) . On the other hand, Thijssen et al. (2008) reported that galectin-3 expression does not increase upon activation of endothelial cells in vitro. Tumor vasculature of various tumors including head and neck cancer (Lotan et al. 1994) , hepatocellular carcinoma (Thijssen et al. 2008 ) and colon carcinoma (Thijssen et al. 2008) showed upregulation of galectin-3. Whether a direct interaction with tumor cells is a prerequisite for increased galectin-3 expression in the activated endothelial cells or its presence in endothelial cells is the result of endocytosis of the galectin-3 secreted by the tumor cells, as suggested by Gao et al. (2012) , is difficult to say based on the present information. However, the available data indicate that increased galectin-3 in endothelial cells may be the result of direct endocytosis or via cell surface receptors. In the endothelial cells, galectin-3 follows two pathways, either it is recycled or degraded in the lysosomes. Gao et al. (2012) showed that the presence of N-terminal domain directed galectin-3 towards lysosomes and the presence of CRD directed it towards recycling. Endocytosed galectin-3 also increases the expression and secretion of metastatic proteins IL-6 and G-CSF (Chen et al. 2013) . How and whether galectin-3 and its fragments bind to different set of receptors and affect different activities like proliferation or migration of endothelial cells needs to be analyzed in details. Figure 2 summarizes current information on the role of intact and cleaved galectin-3 on angiogenesis.
Galectin-3 regulated angiogenesis as a therapeutic target
Considering the important role of angiogenesis in tumor cell metastasis, a number of anti-angiogenic agents targeting VEGF, FGF or/and their receptors are currently in clinical use (reviewed by Katoh 2013) . The long-term use of these therapies results in drug resistance as a result of expansion of tumor cell clones with up-regulation of other angiogenic factors. Moreover, these inhibitors also produce multiple toxic side effects. In a recent study, Croci et al. (2014) demonstrated that vessels within anti-VEGF-sensitive tumors exhibited high levels of α2-6-linked sialic acid, which prevented galectin-1 binding. In contrast, anti-VEGF refractory tumors secreted increased galectin-1. Although the focus of this review is galectin-3, it has been postulated that after removal of N-terminal, galectin-3 shows galectin-1-like binding properties. Interruption of β1-6GlcNAc branching in endothelial cells or silencing of tumor-derived galectin-1 converted refractory tumors into anti-VEGF-sensitive ones (Croci et al. 2014) . Similarly, targeting cleavage of galectin-3 by MMP inhibitors has shown reduced angiogenesis (Nangia-Makker et al. 2013) . A few preclinical studies have used galectin-3-binding activity as a target to inhibit angiogenesis and metastasis. When MCP, a high pH and temperature modified hydrolysis product of citrus pectin was fed to nude mice, there was a marked reduction in the metastatic and angiogenic potential of breast cancer cells (Nangia-Makker et al. 2002) . It was suggested that MCP Fig. 2 . Interactions of galectin-3 with endothelial cells. Galectin-3 is cleaved by MMPs after it is secreted by the tumor cells. The intact galectin-3 and/or its fractions bind to the cell surface receptors on endothelial cells, induce lattice formation by oligomerization, induce secretion of proteins like IL-6 or G-CSF and prevent internalization of VEGFR2. Galectin-3 and its C-terminal containing fractions have also been reported to be endocytosed, either going through recycling or degradation. The N-terminal domain by itself also increased endothelial migration through an as yet unknown signaling mechanism.
Galectin-3 in angiogenesis and metastasis interferes with the binding of galectin-3 to its glycoconjugate cell surface receptors. Three novel low-molecular-weight synthetic lactulose amines: N-lactulose-octa-methylenediamine; N,N ′-dilactulose-octamethylenedi-amine and N,N′-dilactulosedodecamethylene diamine exhibiting differential ability to inhibit binding of galectin-3 to the highly glycosylated protein 90K, demonstrated selective regulatory effect in different events linked to endothelial cell morphogenesis and angiogenesis (Rabinovich et al. 2006) .
Although the initial studies demonstrating the role of galectin-3 in tumor angiogenesis were reported more than a decade ago, in the recent years an increasing interest in this field confirms its significance. More studies are in order using different models to analyze the significance of galectin-3 on various steps of angiogenesis to get a more comprehensive knowledge of this potentially important and exciting field.
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